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Abstract

Refractory status epilepticus (RSE) is a life-threatening emergency with high mortality and poor functional outcomes in
survivors. Treatment is typically limited to intravenous anesthetic infusions and multiple anti-seizure medications. While
ongoing seizures can cause permanent neurological damage, medical therapies also pose severe and life-threatening side
effects. We tested the feasibility of using high-definition transcranial direct current stimulation (hd-tDCS) in the treatment
of RSE. We conducted 20-min hd-tDCS sessions at an outward field orientation, intensity of 2-mA, 4 + 1 channels, and
customized for deployment over the electrographic maximum of epileptiform activity (“spikes”) determined by real-time
clinical EEG monitoring. There were no adverse events from 32 hd-tDCS sessions in 10 RSE patients. Over steady dosing
states of infusions and medications in 29 included sessions, median spike rates/patient fell by 50% during hd-tDCS on both
automated (p =0.0069) and human (p =0.0277) spike counting. Median spike rates for any given stimulation session also fell
by 50% during hd-tDCS on automated spike counting (p =0.0032). Immediately after hd-tDCS, median spike rates/patient
remained down by 25% on human spike counting (p =0.018). Compared to historical controls, hd-tDCS subjects were suc-
cessfully discharged from the intensive care unit (ICU) 45.8% more often (p =0.004). When controls were selected using
propensity score matching, the discharge rate advantage improved to 55% (p=0.002). Customized EEG electrode targeting
of hd-tDCS is a safe and non-invasive method of hyperacutely reducing epileptiform activity in RSE. Compared to historical
controls, there was evidence of a cumulative chronic clinical response with more hd-tDCS subjects discharged from ICU.

Introduction

Defined as a prolonged seizure that does not spontaneously
terminate, status epilepticus (SE) is a life-threatening neu-
rological emergency associated with high morbidity and
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mortality [1, 2]. Refractory SE (RSE) persists despite first-
line benzodiazepines and second-line antiseizure medica-
tions (ASM) such as phenytoin, levetiracetam, and valproate
[1, 3-7]. Third-line agents include intravenous anesthetic
therapy (IVAT) such as propofol, midazolam, and ketamine
to initiate and maintain a medically induced coma [3, 8, 9].

Despite prolonged stays in the intensive care unit (ICU),
RSE carries a mortality rate of over 50%, with survivors hav-
ing an over 75% chance of poor functional outcome [10-15].
Pharmacological RSE treatments carry a host of severe and
life-threatening side effects such as respiratory depression,
cardiac dysfunction, severe hypotension requiring vasopres-
sor support, gut dysmotility, and infection [2, 3, 7, 16]. Once
established treatments fail, additional management becomes
a matter of trial and error [3, 7]. As aresult, there is a current
and substantial need for a novel non-pharmacological RSE
treatment option.

Transcranial direct current stimulation (tDCS) is a
form of brain stimulation that non-invasively delivers
direct current via electrodes on the scalp [17-19]. tDCS
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has demonstrated the ability to induce cortical neuronal
plasticity, and change cerebral blood velocity and cerebral
oxygenation [18-20]. In humans, clinical experience indi-
cates that tDCS is well-tolerated and safe [17-19]. When
a cathode is placed over the epileptogenic region, tDCS
reduces epileptiform activity on EEG, and seizures in a
variety of epileptic syndromes, such as refractory focal
epilepsy, early-onset epileptic encephalopathy, and electri-
cal status epilepticus in sleep [18, 21, 22].

The most common tDCS application in epilepsy is to
place the cathode above the area of the epileptogenic focus
to maximize its inhibitory effect over the target area. How-
ever, there is no consensus on anode location. Anode place-
ment in a susceptible brain region may induce unwanted
excitatory stimulation, which may diminish treatment effects
or even worsen the condition. High-definition tDCS (hd-
tDCS) has been introduced to address this limitation by plac-
ing multiple anodes surrounding the cathode (or vice versa
for excitatory stimulation) such that the anodal ends are
dispersed. This electrode positioning strategy has been fur-
ther improved using computer simulation to maximize cur-
rent flow in the target coordinates while limiting its spread
[23]. Another advantage of hd-tDCS is that it is already
integrated with EEG; thus, real-time seizure monitoring is
readily available.

To our knowledge, neither tDCS nor hd-tDCS have been
assessed in RSE [24]. Therefore, we prospectively recruited
critically ill RSE patients and quantified hyperacute changes
in epileptiform activity (for convenience, “spikes”) during
and after hd-tDCS on real-time EEG monitoring. We also
compared clinical dispositions of study subjects against
carefully selected historical controls.

Material and Methods
Inclusion and Exclusion Criteria

This study was approved by the University of Manitoba
Research Ethics Board. An RSE patient was defined as (1)
having had a seizure(s) refractory to first and second-line
agents, (2) requiring at least 24 h of a third-line IVAT, and
(3) failing at least one previous wean of an IVAT. Patients
were prospectively recruited from the medical or surgi-
cal ICU at the Health Sciences Centre Winnipeg (HSCW)
between October 2019 and November 2020 until the
COVID-19 pandemic stopped recruitment. Inclusion crite-
ria were patients (1) over age 18 years, (2) with access to
concomitant EEG monitoring. Exclusion criteria were (1)
hd-tDCS malfunction, (2) vagal nerve stimulator, (3) cardiac
pacemaker, (4) implanted cardioverter-defibrillator, or (5)
lack of baseline IVAT *“steady-state” period.
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A portable EEG-compatible hd-tDCS (Soterix Medical,
New York, USA) delivered 2 milliamperes (mA) of con-
stant DC programmed for 20 min via surface electrodes
applied at the bedside. Five-electrode (4 channels, 1
ground) positions and current intensity were determined
by computer simulation using HDTargets software (Soterix
Medical Inc.) that resulted in maximum focal current on
the target epileptogenic focus with outward field orien-
tation [23]. When possible, stimulation was coordinated
with the ICU team during periods of absent or stable IVAT
dosing. All stimulation occurred with real-time EEG mon-
itoring to determine location of hd-tDCS stimulation, and
to detect electrographic seizure activation that would have
immediately discontinued stimulation. Due to logistical
limitations, the maximal number of repeated stimulations
per patient was capped at 10.

EEG Monitoring and Analysis

When requested by the ICU team, EEG monitoring
occurred for no more than 3 continuous hours per 24 h.
EEG was sampled at 500 Hz using 19 surface 10-20 elec-
trodes. Data were reviewed in Neuroworks 7.1 software
(Natus, Oakville, Canada). In real time, electroencepha-
lographers identified the most prominent brain region
with epileptiform activity for hd-tDCS. When no focus
was identifiable, presumably non-dominant right tempo-
ral stimulation over the T4 electrode was performed. All
real-time acquired EEG data were stored in a database for
subsequent offline analysis. EEG recordings were divided
into “steady-state” periods of absent or stable IVAT infu-
sion dosing before, during, and/or after hd-tDCS. hd-tDCS
generates two distinct types of EEG artifact: (1) “ramping”
when the device technically “ramps up” in the 30 seconds
immediately before stimulation, and again when it technically
“ramps down” in the 30 seconds immediately after stimulation,
and (2) “stimulating”, which is a relatively minor focal
electrode-based artifact predominantly over the target
electrode during stimulation. While EEG interpretation is
not possible within technical ramping artifact, interpret-
ability remains preserved during stimulation itself. How-
ever, because the persistence of minor focal electrode arti-
fact visually signifies the presence of active stimulation,
blinded human interpretation was not possible. Instead,
automated spike detection in quantitative EEG software
(Persyst 14, Prescott, USA) quantified epileptiform activ-
ity in spikes/second [25]. While automated detections tend
to be more liberal in identifying spikes when there is low
or negligible spike presence [25], it is also non-inferior to
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humans in certain clinical settings [26, 27]. To assess auto-
mated detections, a board-certified epileptologist (MCN)
independently quantified spikes during steady-state peri-
ods while blinded to automated detections.

Retrospective Chart Review

We reviewed electronic medical records for age, sex, dura-
tion, and timing of dosing for second-line ASM and third-
line IVAT, ICU length of stay, RSE etiology, comorbidities,
seizure type, history of seizures, level of consciousness at
initiation of SE treatment, and disposition (i.e. discharge
from ICU, survival at last follow-up). We included ASMs
given to abort seizures before ICU admission. IVAT boluses
given before ICU admission were considered second-line
agents, unless IVAT were administered as an infusion in
which case it was considered a third-line agent. For patients
transferred in and out of the ICU frequently, ICU length of
stay was counted from time of first arrival to time of last
discharge. If a patient died on the ward shortly after transfer
out of ICU, then their time on the ward was included in the
ICU length of stay.

Candidate Historical Controls

From September 2009 to October 2019, we searched the
EEG database for RSE patients (1) over age 18 years; (2)
admitted to the HSCW medical ICU, surgical ICU, or inter-
mediate ICU; and (3) with access to>3 consecutive > 1-h
EEG recordings. We performed chart review for the same
clinical characteristics as study patients to calculate the Sta-
tus Epilepticus Severity Score (STESS) and Epidemiology-
based Mortality score in Status Epilepticus (EMSE) for
study patients and all historical control candidates [28, 29].
We used Child—Pugh scores of A, B, and C to define mild,
moderate, and severe liver diseases in EMSE, respectively
[30, 31]. We also defined moderate and severe renal disease
in EMSE as documented acute kidney injury, chronic kidney
disease, and/or end-stage renal failure.

Study Outcomes

All outcomes were assessed in steady state. Primary out-
comes were per-patient based: (1a) change in spike rate dur-
ing hd-tDCS compared to baseline (“pre-to-stim change”),
(1b) change in spike rate after hd-tDCS compared to baseline
(“pre-post change™), (1c¢) ICU discharge rate, and (1d) hospi-
tal discharge rate. Secondary outcomes were per-stimulation
session based: (2a) “pre-to-stim” change in spike rate and
(2b) “pre-post change” in spike rate.

Statistical Analysis and Propensity Matching

All data were assessed for normality using the Shapiro-Wilk
test. We compared spike rate changes using the Wilcoxon
signed-rank test. We compared ICU and hospital discharge
rates between historical controls and study subjects using
Pearson’s chi-squared test. Cramér’s V denoted strengths of
nominal association. We compared clinical characteristics
between historical controls and subjects using Wilcoxon
rank-sum, Student’s ¢, and Pearson’s chi-squared tests as
appropriate. To select historical controls for propensity score
matching (PSM), we generated PS based on covariates of
age, sex, EMSE, and STESS. We aimed for a standardized
difference of <0.10 for covariates between treatment and
control groups by incorporating interaction terms (STESS-
EMSE product) and higher order variables (age squared) to
achieve respective mean and median model biases of 4.1%
and 2.1%. Using a multivariate logistic regression model, we
matched each study subject to their 4 nearest historical con-
trol neighbors with replacement [32-35]. Model validation
also compared clinical characteristics between propensity
matched controls and study subjects using Wilcoxon rank-
sum, Student’s ¢, and Pearson’s chi-squared tests as appro-
priate. We used Stata 14.2 (College Station, USA) for all
statistical analyses.

Results
Study Population

Informed consent was obtained for 11/17 RSE subjects
who prospectively met inclusion criteria (Fig. 1). One
was excluded due to technical hd-tDCS malfunction. Of
10 included patients (Table 1), median age was 66 years
(IQR 62.3-71.5), 50% were female, 50% had a history of
seizures before RSE (e.g., post-infectious, post-traumatic,
juvenile myoclonic, idiopathic), median STESS was 5 (IQR
3-5), and median EMSE was 97 (IQR 82.8-122). In 8/10
patients, RSE etiologies were vascular (i.e. ischemic/hem-
orrhagic stroke, including right intracerebral or aneurysmal
subarachnoid), infectious (i.e. cerebral abscess, empyema,
sepsis), drug-related (with associated hyponatremia), or
postoperative complication-related (i.e. left femoral endar-
terectomy, small bowel obstruction). RSE was unprovoked
in 2/10 patients.

Of all 32 hd-tDCS sessions in 10 included patients, no
adverse effects were reported. Three sessions could not be
analyzed: 1/32 session due to hd-tDCS malfunction and 2/32
sessions in another patient due to lack of steady IVAT state.
The 29 included sessions began 3—15 days into ICU admis-
sion (Table 2). In 16/29 sessions, steady states were defined
by absence of IVAT. Steady-state durations in 13/29 sessions
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Fig. 1 Patient flowchart. 10

[17 eligible RSE patients |

included RSE patients com-
prised the “per-patient” analysis
dataset. 29 included hd-tDCS
sessions comprised the “per-
session” analysis dataset

11 informed consent

6 declined

‘ 1 patient: consistent hd-tDCS malfunction (unreliable current delivered)

[10 included RSE patients |

32 hd-tDCS sessions

|

A PER-PATIENT ANALYSIS

VY PER-SESSION ANALYSIS

1 session: hd-tDCS malfunction (unreliable current delivered)
2 sessions: no IVAT / ASM steady state

| 29 included hd-tDCS sessions |

| Pre-tDCS ‘ ‘ During-tDCS |

| Post-tDCS ‘

29 included
(all interpretable)

28 included
(1 uninterpretable)

(all interpretable)

29 included

were composed of intravenous propofol, midazolam, and/or
ketamine at the same infusion rate.

Of the 29 included sessions, all had characteristic gener-
alized hd-tDCS “ramping up” and “ramping down” artifact
for 30 seconds immediately before and after the stimulation
period. No spike counting occurred during these ramping arti-
fact periods. Only 1 session was contaminated by hd-tDCS
ramping artifact that persisted through active stimulation in
order to preclude interpretation of that session. Otherwise,
the remaining 28 sessions in all 10 included patients only had
minor focal hd-tDCS “stimulating” artifact predominantly
over the EEG electrode targeted by hd-tDCS, but remained
interpretable (Supplementary Fig. 1).

During hd-tDCS Spike Rate Change per Patient

On a per-patient basis, automated spike detection found
significant “pre-to-stim” spike reduction in 10/10 patients
(median absolute change —0.04 spikes/sec with IQR: —0.03
to —0.06, median relative change —45.9% with IQR —11.9
to —59%, z= —2.701, p=0.0069; Fig. 2). Median pre-
stimulation steady state/patient was 72.4 min (IQR
54.3-76.8). Patient #4 experienced +0.001 more spikes/
sec during hd-tDCS (relative increase + 23.1%). Relatively,
patient #6 experienced +1060.2% more median spikes
(—84.3% in session #1,+2204.7% in session 2), but —0.03
median fewer spikes/sec (—0.08 fewer spikes/sec in session
#1,+40.02 more spikes/sec in session #2).

Independent human spike detection found no visible
spikes in 3/10 patients. Another 1/10 patient (#10) was
excluded due to diffuse “ramping up” and “ramping down”
hd-tDCS technical-related artifact in 1 of their 2 sessions
(session #1) (Fig. 3), which persisted throughout stimula-
tion that precluded visual spike detection. Otherwise, EEG
remained interpretable in 6/10 patients where minor hd-
tDCS “stimulating” artifact was confined to the electrode
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targeted by hd-tDCS. Human detection found significant
“pre-to-stim” spike reduction in these 6/10 patients (median
absolute change —0.07 spikes/s with IQR: —0.02 to —0.18,
median relative change —51.6% with IQR: —17.9 to —70.2%,
7= —2.201, p=0.0277; Fig. 4). Median pre-stimulation
steady-state period/patient was 58.8 min (IQR 51.2-72.4).
All 6/10 patients experienced absolute reduction in median
spikes/second during hd-tDCS. Relatively, only 1/10 patient
(#5) experienced +51.4% more median spikes (+178.4%
in session #1,—-75.5% in session #2), but —0.01 median
spikes/s (+0.11 more spikes/sec in session #1,—0.13 fewer
spikes/sec in session #2).

During hd-tDCS Spike Rate Change per Session

On a per-session basis, automated spike detection found
significant “pre-to-stim” spike reduction over 29/29 ses-
sions from 10/10 patients (median absolute change —0.03
with IQR: —0.0004 to —0.14, median relative change —47.2%
with IQR —16.7 to —=76.8%, z= —2.952, p=0.0032; Fig. 5).
Median pre-stimulation steady-state period per session
was 63 min (IQR 47.7-73.8). In 7/29 sessions (three from
patient #2), there were relative and absolute increased spik-
ing (relative range +23.1 to +2204.7%, but absolute range
just+0.001 to+0.25 more spikes/sec). In the greatest relative
increase of +2204.7% from session #2 in patient #6, the corre-
sponding absolute increase was just+0.016 more spikes/sec.
In 2 sessions (session #3 of patient #1, session #2 of patient
#10), there was absolute spike quiescence during hd-tDCS
(i.e., 0 spikes/sec; Fig. 6).

Although human spike detection also confirmed a median
“pre-to-stim” spike reduction over 15/32 sessions from
6/10 patients, this change was not statistically significant
(p=0.1118, median absolute change —0.13 spikes/sec with
IQR -0.22 to+0.01, median relative change —38.5% with
IQR —4.7 t0 —79.7%; Supplementary Fig. 2). However, there
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Fig.2 Change in median automated spike rate per-patient dur-
ing hd-tDCS. Spike rates: relative (purple, y-axis on left), absolute
(orange, y-axis on right). Relative reduction of —100% denotes spike
quiescence. Filled triangle indicates relative spike increase beyond
100%. Relative differences were exaggerated when a few rare spikes
emerged from a baseline of quiescence. Note quiescence in patient
#10. All but two patients experienced relative reductions. All but one
patient experienced absolute reductions. Patient #4 experienced a rela-

emerged absolute spike quiescence in 2 sessions during hd-
tDCS (session #1 of patient #6, session #1 of patient #7).

After hd-tDCS Spike Rate Change per Patient

On a per-patient basis, automated spike detection found
a median “pre-post” spike reduction from 10/10 patients,
but this was not statistically significant (median absolute
change —0.004 spikes/sec with IQR: —0.0146 to+0.011,
median relative change —18.3% with IQR -25.1 to —1.4%,
z=—0.561, p=0.5751; Supplementary Fig. 3). Confirming
spikes during steady states before and after stimulation in
7/10 patients, human detection found significant “pre-post”
spike reduction (median absolute change —0.08 spikes/s with
IQR: —0.06 to —0.10, median relative change —25.3% with
IQR -15.5t0—42.6%, z= —2.366, p=0.018; Fig. 7). Median
pre-stimulation steady-state period per patient was 61.9 min
(IQR 52.7-75.9). 7/10 patients experienced absolute reduc-
tion in median spikes/sec after hd-tDCS. Only 1/10 patient
(#7) experienced a median relative +3.6% spike rate (ses-
sion #1:+25.4%, session #3: —96.4%, session #4:—15.5%,
session #7: +376.5%), but an absolute reduction of —0.08

tive median increase (+23.1%) corresponding to an absolute median
increase of +0.001 spikes/sec. Patient #6 experienced a relative median
increase (4+1060.2%) corresponding to an absolute median decrease
(—0.03 spikes/sec), which was driven by session 2/2 (relative +2204.7%
increase but only +0.016 absolute increase in spikes/second). Although
session 1/2 showed relative spiking reduction of —84.3%, this was over-
whelmed by the relative rate in session 2/2

fewer spikes/sec (session #1:40.0048, session #3: —0.6764,
session #4: —0.14436, session #5: +0.361632).

After hd-tDCS Spike Rate Change per Session

On a per-session basis, neither automated spike detection of
29/29 sessions in 10/10 patients (p =0.9094, median abso-
lute change —0.0004 spikes/sec with IQR —0.02 to +0.02,
median relative change —6.8% with IQR —48.7 to+21.5%;
Supplementary Fig. 4), nor human spike detections in 16/29
sessions in 7/10 patients (p =0.1961, median absolute
change —0.07 spikes/sec with IQR —0.15 to +0.008, median
relative change —21.8% with IQR —61.4 to +12.7%; Supple-
mentary Fig. 5) found significant “pre-post” spike rate dif-
ferences. However, absolute spike quiescence emerged after
hd-tDCS in 2 sessions on automated counting (session #3 of
patient #1, session #1 of patient #4). Furthermore, on sub-
group analysis when only sessions in the absence of [IVAT
(16/29 sessions) were analyzed, there was significant
spike reduction on automated spike counting (median
absolute change —0.04 with IQR: —-0.0008 to—0.19,
median relative change —47.2% with IQR —28 to —72%,
z=—-2.499, p=0.0125).
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Fig.3 Two types of hd-tDCS artifact: “ramping” and “stimulating
Referential montage EEG: low frequency filter 1 Hz, high-frequency
filter 70 Hz, notch filter 60 Hz, sensitivity 7 pV/mm, timebase 30
mm/sec. Left and right panels. Examples of typical “ramping”
artifact occurring 30 seconds immediately before hd-tDCS begins,
and 30 seconds immediately after hd-tDCS ends, on every EEG. No

Differences in ICU Discharge Rate and Survival

Historically, we found 231 adult SRSE patients admitted
over 10 years to an ICU, with >3 consecutive 1-h EEG
recordings. In comparison, more study patients (n=9/10)

‘STIMULATING’ ARTIFACT
(over targeted EEG electrode; e.g. Pz)

‘RAMPING-OFF’ ARTIFACT
(immediately after stimulation)

spikes were counted during these technical ramping periods. Mid-
dle panel. Example of typical minor focal “stimulating” artifact after
ramping-on artifact (left panel) abruptly ends and when actual hd-
tDCS stimulation begins. After 20 min of active hd-tDCS stimulation
ends, ramping-off artifact (right panel) abruptly begins. In this exam-
ple, active hd-tDCS stimulation was targeted around the Pz electrode

were successfully discharged from ICU (90% vs. 44.2%, x
[2]=8.1083, p=0.004), but hospital discharge rates did not
differ (30% vs. 32%, x*=0.0183, p=0.893). Although study
patients trended to being older (median 66 vs. 58 years,
z=—1.891, p=0.0587), there were no significant differences
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Fig.4 Change in median human spike rate per-patient during hd-
tDCS. Spike rates: relative (purple, y-axis on left), absolute (orange,
y-axis on right). Relative reduction of —100% denotes spike quies-
cence (patient #6). All but one patient experienced relative reduc-
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tions. All patients experienced absolute reductions. Patient #5 expe-
rienced a relative median increase (+51.4%) at the same time as an
absolute median decrease (—0.01 spikes/sec)
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in sex (50% vs. 54.1% male, y*>=0.0653, p=0.798), STESS
(median 5 vs. 4, z= —0.079, p=0.937), EMSE (median 97
vs. 89, z= —0.86, p=0.39), maximal number of IVAT over
ICU admission (median 2 vs. 2, z=0.025, p =0.9804), maxi-
mal number of ASM over ICU admission (median 3.5 vs.
3, z=—0.64, p=0.522), or ICU admission length (median
12.5 vs. 12 days, z= —0.64, p=0.522).

Propensity-Matched Historical Controls

A logistic regression model balancing covariates of age, sex,
STESS, and EMSE generated PS for all 10 study subjects
and 231 historical controls. Matching each subject to their
4-nearest neighbors with replacement yielded 38 PSM his-
torical controls. The model yielded a significant 55% differ-
ence in favor of study subjects being discharged from the
ICU (90% vs. 36.8%, > =9.9408, p=0.002), with a standard
error of 0.129 for this average treatment effect on the treated
(i.e., discharge from ICU for those receiving hd-tDCS), and
strong association (Cramér’s V=0.4321).

The model also yielded a 7.5% difference in favor of
study subjects over historical controls of being successfully
discharged from hospital, with a standard error of 0.169 for
this average treatment effect on the treated (i.e., discharge

from hospital for those receiving hd-tDCS). However, this
difference was not statistically significant (30% vs. 23.7%,
)(2=O.1635, p=0.686), with very weak association (Cra-
mér’s V=0.0592).

Compared to study patients, PSM historical controls
did not differ in age (median 63 vs. 66 years, z= —0.395,
p=0.6931), sex (55.3% vs. 50% male, )(2=0.0881,
p=0.767), STESS (mean 4.1 vs. 4.1, t=0.0139, p=0.989),
EMSE (mean 98.3 vs. 100.6, t= —0.226, p =0.8222), maxi-
mal number of IVAT over ICU admission (mean 2.26 vs. 2.2,
t=0.1931, p=0.8478), maximal number of ASM over ICU
admission (mean 3.79 vs. 3.8, r= —0.0183, p=0.9854), or
ICU admission length (median 13 vs. 12 days, z= —0.025,
p=0.9797).

Discussion

This pilot study demonstrated the feasibility of using hd-tDCS
in RSE patients in the ICU. There were no reported adverse
events over 32 stimulation sessions in 10 patients. For any
given patient, hd-tDCS significantly cut median spike rates by
approximately 50% during stimulation (“pre-to-stim change”)
on both independent automated and human spike counts,
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Fig.5 Change in median automated spike rate per-session dur-
ing hd-tDCS. Spike rates: relative (purple, y-axis on left), absolute
(orange, y-axis on right). Relative reduction of —100% denotes spike
quiescence. A filled triangle symbol indicates relative spike increase
beyond 100%. Relative differences were exaggerated when a few rare
spikes emerged from a baseline of quiescence. Note quiescence in

session #3 of patient #1 and session #2 of patient #10. In session #2
of patient #6, relative spike rate increase was+2204.7% and absolute
spike increase was+0.01 spikes/sec from a very low baseline of just
0.0007 to 0.0167 spikes/sec. In session #5 of patient #7, relative spike
rate increase was+249.3% and absolute spike increase was+0.25
spikes/sec
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Fig.6 Example of longitudinal spike rate improvement over days
with hd-tDCS in patient #10. Referential montage EEG: low-fre-
quency filter 1 Hz, high-frequency filter 70 Hz, notch filter 60 Hz,
sensitivity 7 pV/mm, timebase 30 mm/sec. (A) Baseline status epi-
lepticus in the absence of intravenous anesthetic therapy (IVAT) after
having failed a previous trial of weaning IVAT. (B) Steady-state pre-
stimulation EEG (session #1 on day #6 of admission to the intensive
care unit) with the presence of concomitant intravenous midazolam

which demonstrates an impressive confluence of different
methods yielding remarkably similar results. For any given
stimulation session (irrespective of subject), hd-tDCS also sig-
nificantly cut median spike rates by approximately 50% during

(T4 artifact, midazolam successfully weaned)

SESSION #2 POST-hd-tDCS

(midazolam successfully weaned)

SESSION #2 DURING hd-tDCS

infusion. Boxes indicate residual spikes from status epilepticus break-
ing through effects of midazolam infusion. (C, D) Respective exam-
ples of steady-state during-stimulation and after-stimulation EEG
(session #2 on day #7 of admission to the intensive care unit) with
absence of spikes (“quiescence”) and absence of IVAT (i.e., mida-
zolam), which had been successfully weaned between sessions #1 and
#2. During-stimulation and after-stimulation EEG from session #1 are
available in Supplementary Fig. 1J

stimulation on automated spike counting. These findings sug-
gest that while the acute effect of hd-tDCS for an individual
stimulation session may vary, the net effect of stimulations
within a person is to overall decrease epileptiform activity.
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Fig.7 Change in median human spike rate per-patient after hd-tDCS.
Spike rates: relative (purple, y-axis on left), absolute (orange, y-axis
on right). All patients experienced absolute spike reduction. All but
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one patient experienced relative spike reduction. Patient #7 expe-
rienced a relative median increase (+3.6%) at the same time as an
absolute median decrease (—0.08 spikes/sec)



A Pilot Study of High-Definition Transcranial Direct Current Stimulation in Refractory Status... 191

Our findings add to the growing body of literature on
the safety of tDCS in seizures and epilepsy [17, 36]. In the
non-ICU outpatient setting, cathodal tDCS at 0.016-0.571
A/m? for 20-40 min over 1-14 sessions has been used in
1-70 adult and pediatric patients with refractory epilepsy
[37-43]. Most of these studies have shown acutely reduced
interictal epileptiform activity by as much as 64.3% [37,
38]. This is comparable to our electrographic findings of
median 50% spike reduction during hd-tDCS. Unlike other
studies, ours is the first to deploy tDCS in critically ill
RSE patients.

After hd-tDCS, median spikes per-patient remained sig-
nificantly down by 25% from baseline (“pre-post change”)
on human spike counting. However, there was no signifi-
cant per-session pre-post difference (irrespective of subject)
on either automated or human spike counting. Concurrent
effects during tDCS are mainly explained by direct effects
on neuronal membrane potential changes, while tDCS after
effects require subsequent synaptic activities involving both
glutamatergic and GABAergic transmission, as well as neu-
romodulators including dopamine, adenosine, serotonin,
and acetylcholine [44, 45]. Since all RSE patients were heav-
ily medicated, including with benzodiazepines and IVAT, the
acute after-effects of hd-tDCS may have been blunted by
these concurrent medications. Indeed, when the per-session
pre-post changes were analyzed only in the absence of IVAT
(16/29 sessions), there was significant spike reduction on
automated spike counting (median absolute change —0.04
with IQR: —0.0008 to —0.19, median relative change —47.2%
with IQR =28 to —=72%, z= —2.499, p=0.0125). These med-
ication effects were absent in non-ICU outpatient studies,
which have shown a relatively greater 57.6% spike reduction
in a delayed 48-h fashion [37, 39].

Further to electrographic improvement, hd-tDCS subjects
also demonstrated clinical improvement, with more subjects
leaving the ICU alive than historical RSE controls. Com-
pared to the entire cohort of 231 historical controls, subjects
trended to being older. When this possible age difference
was negated on propensity score matching, discharge rates
improved from 45 to 55% more study patients leaving ICU
alive. These findings infer RSE resolution to the point that
IVAT was successfully discontinued, extubation was suc-
cessful, and the patient was stable enough for safe transfer
out of the ICU and onto the ward. This finding also supports
a more delayed cumulative clinical benefit from hd-tDCS
sessions in addition to real-time hyperacute improvements
on EEG.

However, hd-tDCS did not significantly affect discharge
from hospital — no matter if study subjects were compared
to the entire historical cohort or to propensity matched
controls — which implies that patients still succumbed to
complications and/or the underlying condition for RSE after
leaving ICU. This is not surprising because hd-tDCS would

not have been expected to fundamentally alter underlying
systemic disease states contributing to RSE in many study
subjects, such as sepsis, hyponatremia, or postoperative
complications. Nevertheless, these findings suggest that
hd-tDCS can mitigate RSE as an additional complicating
pathophysiological process in critically ill patients.

These improved clinical outcomes are consistent with most
previous cathodal tDCS studies that have also shown clinical
seizure reduction. In the largest multi-center, double blind,
sham-controlled trial to date of 70 focal epilepsy patients, daily
20-min cathodal tDCS sessions for 2 weeks reduced seizures
by 21.9-50.7% over 4 weeks, while twice-daily sessions for
2 weeks reduced seizures by 49.7-61.3% over 5 weeks [43].
This continuing clinical effect, even after stimulation sessions
have ended, agrees with the delayed cumulative clinical benefit
from hd-tDCS sessions in our RSE cohort; notably, there were
55% higher discharge rates from ICU where median stays were
1.8 weeks for all study subjects, but stimulation sessions only
covered up to a median of 1.3 weeks of their stay.

Limitations

The main limitation of this study is lack of sham stimula-
tion and blinding of assessors. While this would not have
affected our primary outcomes of automated spike counting,
hd-tDCS could have affected clinical outcomes by altering
ICU team decision-making. The presence of hd-tDCS may
have dissuaded withdrawal of care, given RSE’s high mortal-
ity rate and limited treatment options. However, ICU lengths
of stay did not differ between study subjects and histori-
cal controls (either the whole cohort or propensity matched
controls). Future hd-tDCS studies should be randomized
controlled trials in which many more RSE patients across
different centers using a standardized treatment protocol are
randomly allocated to receive true or sham tDCS.

We also cannot rule out bias from human spike detection,
which may account for the only major significant pre-post
difference found in this study: on a per-patient basis when
considering human spike detections. While there was also
significant pre-post spike reduction on automated subgroup
analysis of sessions without IVAT, no significant changes
were found on the main automated pre-post analyses on
either a per-patient or per-session basis. To minimize bias,
future studies may consider blinding human reviewers by
incorporating artificial “ramping” and “stimulating” hd-
tDCS EEG artifacts into sham stimulation sessions. Ramp-
ing artifact is presumed due to the current generated by the
hd-tDCS changing every 1 second during the “ramping up”
and “ramping down” period, which can be easily simulated
as a high-amplitude decrescendoing sailboat morphology
1-Hz artifact for 10 seconds before and after sham stimula-
tion in future studies.
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Including multiple centers would also allow multiple
electroencephalographers to perform independent human
spike counting. In this study, we mitigated the bias of a sin-
gle electroencephalographer by incorporating Persyst 14.
Although automated spike detection is susceptible to erro-
neous spike labeling (such as overcalling sharply contoured
activity in burst suppression as spikes), its EEG analysis
is also neutral and unbiased (allowing systematic sharp-
ness comparisons within a burst suppressed EEG subject
to hd-tDCS that human labelling could not). Despite these
differences, there still was remarkable net convergence
between human and automated median spike count changes
during hd-tDCS even if there was methodological disagree-
ment over individual spike labels. The greatest discordance
between automated and human methods occurred for relative
spike rates, for example, in patient #5 where relative median
spiking decreased on automated counting, but increased on
human counting, and in patient #6 where relative median
spiking increased on automated counting, but decreased on
human counting. However, both methods agreed on abso-
lute median spiking decreases in both patients. Relative dif-
ferences were often exaggerated when even just a few rare
spikes emerged during or after hd-tDCS against a baseline
background of relative quiescence.

This study is also limited by different numbers of hd-
tDCS sessions between subjects. At either extreme, 1/10
patient received the maximal 10 sessions, while 2/10
patients received one session. While the net effect of stimu-
lation was electro-clinical benefit over all patients, the ideal
number of sessions in any given patient remains unknown.
In the maximally stimulated patient (#2), the last session
(#9) demonstrated respective pre-to-stim and pre-post spike
rate increases of +772.6% and +1027.9% on human count-
ing, and +70.2% and +308.6% on automated counting. This
raises the question of whether 10 sessions were too many;
however, session #4 in this patient had already demonstrated
even higher respective pre-to-stim and pre-post increases
of +90.3% and +424.1% on automated counting, while spike
rates mostly decreased in remaining sessions. Furthermore,
this patient fared well and survived at least 599 days in
follow-up.

On the other hand, one patient (#4) had a single session
because they improved, left ICU, and did not qualify for
more sessions. Automated spike counting showed —100%
quiescence after hd-tDCS. Months later on the ward, how-
ever, patient #4 died from a non-RSE cause. Another patient
(#8) received a single session because stimulation started late
(admission day #15) and they died in ICU from a non-RSE
cause before another session could be performed. Although
automated spike detection found a pre-post relative spike
rate increase of +1193.3% and absolute increase of +0.28
spikes/sec, this was a burst suppressed EEG such that auto-
mated detections were representations of sharpness rather
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than epileptiform activity, given no human spike detections.
Furthermore, real-time clinical electroencephalographers did
not report activation or safety concerns throughout the EEG.

Conclusions

Customized hd-tDCS EEG electrode targeting at the ICU
bedside in a prospective pilot cohort of RSE patients is
safe, non-invasive, and effective at hyperacutely reducing
epileptiform activity with possible sustained reduction in the
immediate post-stimulation setting. When compared to his-
torical controls, there was evidence of a delayed cumulative
clinical response with significantly more hd-tDCS subjects
discharged from ICU due to resolution of RSE.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13311-022-01317-5.
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